GABA-containing (GABAergic) interneurons play an important role in the function of the cerebral cortex. Through mostly inhibitory mechanisms, interneurons control hyperexcitability and synchronize and shape the spatiotemporal dynamics of cortical activity underlying various brain functions. Studies over the past 10 years have demonstrated that, in most mammals, interneurons originate during development from the subcortical telencephalon-the subpallium-and reach the cerebral cortex through tangential migration. Until now, interneurons have been demonstrated to derive exclusively from two subpallial regions, the medial ganglionic eminence and the caudal ganglionic eminence. Here, we show that another subpallial structure, the preoptic area, is a novel source of cortical GABAergic interneurons in the mouse. In utero labeling and genetic lineage-tracing experiments demonstrate that neurons born in this region migrate to the neocortex and hippocampus, where they differentiate into a distinct population of GABAergic interneurons with relatively uniform neurochemical, morphological, and electrophysiological properties.
Introduction
Functioning of the cerebral cortex requires the coordinated activity of excitatory neurons and inhibitory interneurons. In contrast to other regions, however, the large diversity of interneuronal populations that exists in the mammalian cerebral cortex is simply astonishing (Ramó n y Cajal, 1899; Lorente de Nó , 1922; Fairén et al., 1984) . As Cajal first suggested, this wealth of interneurons-his short-axon cells-is likely responsible for the enormous computational capability acquired by this structure during evolution. Such diversity underlies many of the emergent functional properties of the cerebral cortex, from the dynamic behavior of receptor fields to the modulation of oscillatory activity and its synchronization (Gupta et al., 2000; McBain and Fisahn, 2001; Hensch, 2005; Klausberger and Somogyi, 2008) .
Increasing evidence suggests that GABAergic interneurons in the isocortex and hippocampus belong to probably Ͼ20 distinct neuronal populations, which can be defined on the basis of their morphological, electrophysiological, and neurochemical characteristics (Freund and Buzsáki, 1996; Kawaguchi and Kondo, 2002; Markram et al., 2004; Somogyi and Klausberger, 2005) . In general, these groups of interneurons have relatively homogeneous intrinsic electrical properties, reinforcing the view that they belong to distinct classes of cells. Although we are far from realizing the extent of this diversity (Petilla Interneuron Nomenclature Group et al., 2008) , understanding the origin of the distinct classes of interneurons may help us to identify the logic behind their integration into cortical circuits and, eventually, their function.
With the possible exception of human and nonhuman primates (Letinic et al., 2002) , cortical GABAergic interneurons seem to derive almost exclusively from the subpallium in all vertebrates studied so far (Anderson et al., 1997 (Anderson et al., , 2002 Cobos et al., 2001a; González et al., 2002; Stühmer et al., 2002; Brox et al., 2003; Tuorto et al., 2003; Mueller et al., 2006; Fogarty et al., 2007; Métin et al., 2007; Xu et al., 2008) and reach the cortex through a long tangential migration (Corbin et al., 2001; Rubenstein, 2001, 2003; Métin et al., 2006) . In particular, the medial ganglionic eminence (MGE) and the caudal aspect of the lateral ganglionic eminence (cLGE) [also known as the dorsal aspect of the caudal ganglionic eminence (dCGE)] have been suggested to generate most cortical GABAergic interneurons (Xu et al., 2004 ).
These studies, however, have not ruled out the possibility that specific classes of interneurons may derive from other subpallial sources. Indeed, in vitro studies have suggested that the rostral LGE and the subpallial septum may also give rise to cortical GABAergic interneurons (Jiménez et al., 2002; Taglialatela et al., 2004) , although there is yet little in vivo support for this possibility. Here, we tested the hypothesis that the embryonic preoptic area (POA) is a source of cortical GABAergic interneurons. Using in utero electroporation and in vivo genetic lineage tracing, we found that the embryonic POA give rise to at least a distinct class of cortical interneurons. These results reinforce the view that cortical interneuron diversity arises to a large extent from the spatial segregation of distinct progenitor cells within the subpallium, and open up the venue for future studies aimed at characterizing the complete repertoire of cortical GABAergic interneurons that may derive from this novel source.
Materials and Methods
Mouse lines. CD1 wild-type embryos were used for expression analyses and in utero transplantation experiments. Nkx2-1-Cre , Nkx5-1-Cre, Lhx6-Cre (Fogarty et al., 2007) , and Rosa-EYFP (Srinivas et al., 2001 ) transgenic mice were maintained in a mixed C57BL/6 ϫ 129/ SvJ ϫ CBA background. BAC transgenic Nkx5-1-Cre mice were generated as previously described (Fogarty et al., 2005) . The BAC used to generate these mice spanned ϳ200 kb of genomic DNA around the Nkx5-1 locus and was purchased from BacPac Resources. The codonimproved Cre recombinase (iCre) with a nuclear localization signal was fused to the translation initiation codon using an approach based on the PCR, and followed by an SV40 polyadenylation signal. The day of vaginal plug was considered to be embryonic day 0.5 (E0.5). Animals were kept at the Instituto de Neurociencias de Alicante under Spanish and European Union regulation.
In utero electroporation. Timed-pregnant Nkx2-1-Cre females were deeply anesthetized, and the abdominal cavity was cut open. Embryos were exposed in the uterus, and 1 l of a 1 g/l solution of pCAGGSLoxP-STOP-LoxP-EGFP plasmid was injected into the lateral ventricle of the telencephalon through the uterine wall. Square electric pulses of 35 V and 50 ms were passed through the uterus five times, spaced 950 ms, using a square pulse electroporator (CUY21E; Nepa GENE). DNA was specifically electroporated into the subpallium, as described previously (Borrell et al., 2005) .
In situ hybridization and immunohistochemistry. For in situ hybridization, embryonic brains were fixed overnight in 4% paraformaldehyde (PFA) and embedded in Tissue-Tek OCT compound (Sakura Finetek). Twenty micrometer frozen sections were hybridized with digoxigenin-labeled probes as described previously (Flames et al., 2007) . For immunohistochemistry, embryonic brains were fixed in 4% PFA at 4°C from 2 to 6 h. Brains were then embedded and cut frozen at 20 m in the cryostat or sectioned in the vibratome at 60 m. Postnatal mice were anesthetized with an overdose of sodium pentobarbital and transcardially perfused with 4% PFA. Postnatal brains were removed, fixed for 1-3 h at 4°C, and cryoprotected in 30% sucrose in PBS. Brains were then cut frozen on a sliding microtome at 40 m. The following primary antibodies were used: rat anti-5-bromo-2Ј-deoxyuridine (BrdU) (1:100; Accurate), mouse anti-Cre (1: 2000; a gift from G. Schütz), rabbit antiCyclinD1 (1:1; Thermo Fisher Scientific), rabbit anti-GABA (1:1000; Sigma-Aldrich), chicken anti-green fluorescent protein (GFP) (1:3000; Aves Labs), rabbit anti-Lhx6 (1:1000; a gift from V. Pachnis), rabbit anti-NG2 (1:200; Millipore Bioscience Research Reagents), rabbit anti-Nkx2-1 (1:2000; Biopat), mouse anti-neuronal nuclei (NeuN) (1:500; Millipore Bioscience Research Reagents), rabbit anti-neuronal isoform of nitric oxide synthase (nNOS) (1:1000; Immunostar), rabbit anti-PH3 (1:500; Millipore), rabbit anti-parvalbumin (PV) (1:5000; Swant), rat antisomatostatin (SST) (1:200; Millipore Bioscience Research Reagents), rabbit anti-S100 (1:1000; Sigma-Aldrich), rabbit anti-calretinin (CR) (1: 3000; Swant), and rabbit anti-vasointestinal peptide (VIP) (1:1000; Immunostar). The following secondary antibodies were used: goat antichicken 488, donkey anti-rabbit 555, donkey anti-mouse 555 (all from Invitrogen) and donkey anti-rat Cy3 (Jackson ImmunoResearch Laboratories). The immunofluorescence detection of enhanced yellow fluorescent protein (EYFP) was performed using an anti-GFP antibody. DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Sigma-Aldrich) was used for fluorescent nuclear counterstaining. Nkx5-1-derived cells were mapped using a microscope equipped with Neurolucida software.
Slice preparation and recordings. A vibratome was used to cut coronal slices (300 m) through the somatosensory cortex of postnatal day 17 (P17) to P22 Nkx5-1-Cre;Rosa26R-YFP mice. Slices were cut in ice-cold modified artificial CSF (aCSF) (248 mM sucrose, 3 mM KCl, 0.5 mM CaCl 2 , 4 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 10 mM glucose, saturated with 95% O 2 and 5% CO 2 ) and stored in a warmed (32°C) incubation chamber for at least 30 min before recording submerged in aCSF (124 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 and 10 mM glucose, saturated with 95% O 2 and 5% CO 2 ). For whole-cell recordings, slices were individually transferred to the stage of an upright Leica DMLFSA microscope coupled to a confocal spectral scanning head (Leica TCS SL) and viewed through a 20ϫ water-immersion objective. Slices were continuously superfused with aCSF at room temperature or warmed at 30°C. Glass microelectrodes (borosilicate; 1.5 mm outer diameter ϫ 0.86 inner diameter; Harvard Apparatus; 3-6 M⍀ resistance) were filled with a potassiumgluconate-based intracellular solution (140 mM K-gluconate, 10 mM HEPES, 2 mM NaCl, 4 mM KCl, 4 mM ATP, 0.4 mM GTP, 0.6 mM Alexa 555) containing 2 mg/ml biocytin for postrecording immunocytochemistry. To visualize and target cells, yellow fluorescent protein (YFP)-positive neurons were excited at 488 nm. To visualize targeted cells after whole-cell configuration, Alexa 555 was excited at 543 nm. Interneurons were kept under current-clamp configuration with an Axoclamp 200A amplifier operating in a fast mode, filtered on-line at 2 kHz, and acquired on a personal computer at a sampling rate of 20 kHz using pClamp 6.0.2 software program. To characterize the electrophysiological parameters of the cells, we applied prolonged (5 s) and short-duration (0.5 s) hyperpolarizing and depolarizing current steps. Data analysis was performed off-line in Clampfit 9.2. The morphological reconstruction of recorded interneurons was performed using a microscope equipped with Neurolucida software. Electrophysiological parameters were calculated as follows: steady-state frequency is the reciprocal of the average of the last five interspike intervals; onset frequency is the reciprocal of the first or second interspike interval; adaptation is the percentage of reduction of the steady-state frequency with respect to the onset spike frequency (for each cell, the adapting value was calculated as the average of all saturated adapting traces). For the classification of interneurons, we followed that recently adopted by the Petilla Interneuron Nomenclature Group et al. (2008) .
Quantification. For the birth dating of cortical YFP-expressing cells, YFP/BrdU double-labeled cells were counted using Neurolucida software from four different rostrocaudal levels of the cortex for three animals. To examine differences across populations, data were statistically analyzed using 2 tests. For the quantification of colocalization patterns [YFP/NeuN, YFP/GABA, and YFP/Neuropeptide Y (NPY)], labeled cortical cells were counted from four different sections throughout the rostrocaudal extent of the cortex. In all cases, data were expressed as average Ϯ SEM.
Results

Progenitor cells in the POA are different from those in the MGE
The embryonic anterior POA is defined anatomically as the region immediately in front of the optic recess, at the limit between the telencephalon and the diencephalon. The POA is therefore part of the telencephalic stalk, the non-evaginated telencephalon (Puelles et al., 2000) . The POA is also immediately adjacent to the MGE, and, as in this region, virtually all progenitor cells in the POA express the homeobox transcription factor Nkx2-1 (Flames et al., 2007) (Fig. 1 A) . However, expression of the transcription factor Dbx1 and the morphogenetic protein Shh can be detected in the POA ventricular zone (VZ), but not in the MGE, whereas Olig2, a transcription factor expressed at high levels in MGE progenitors, is virtually absent from the POA VZ ( Fig. 1 B-D) . Other features distinguish the embryonic POA from the adjacent MGE. For example, the POA VZ contains cells that express Nkx6-2, whereas the adjacent ventral domain of the MGE does not (Fig.  1 E) . Moreover, the POA does not seem to contain a pool of secondary progenitors organized in a SVZ, as it is the case for the MGE and other telencephalic regions (data not shown). Thus, POA progenitors appear to be molecularly distinct from those in the MGE (Flames et al., 2007) , although expression of common transcription factors indicates that they may share some properties. Of particular interest is the expression of Nkx2-1, because this transcription factor has been previously associated with progenitor cells giving rise to highly motile neurons in the MGE (Wichterle et al., 1999; Nery et al., 2002) . This observation prompted us to test the hypothesis that POA progenitors, like those in the MGE, may also generate long-range migrating cells, such as cortical interneurons.
The embryonic POA gives rise to cells that migrate to the cortex Despite the substantial number of studies analyzing the derivatives of the ganglionic eminences (Corbin et al., 2001; Wonders and Anderson, 2006) , virtually nothing is known about the destiny of neurons generated in the embryonic POA. Fate-mapping analysis of cells derived from the Nkx2-1 lineage in the telencephalon suggests that the embryonic POA gives rise to at least some parts of the adult preoptic area , although no specific fate-mapping analysis has been performed for this region exclusively. In addition, early slice culture studies hinted to the possibility that neurons derived from the POA might migrate to the cortex , although this idea has mostly gone unnoticed (Butt et al., 2005; Métin et al., 2006; Wonders and Anderson, 2006) . To directly test this hypothesis, we performed a series of in utero electroporation experiments in which we targeted a plasmid encoding for Gfp in the embryonic preoptic area at E12.5. It has been reported that adjusting the angle of inclination of the electrode paddles at ϳ30°w ith respect to the horizontal plane of the brain results in the specific electroporation of the ganglionic eminences (Borrell et al., 2005) . A caveat of this approach, however, is that most attempts result in the labeling of progenitor cells throughout the entire subpallium (Borrell et al., 2005) . To limit the target region for the electroporation, we combined this approach with the Cre/ loxP recombination system. In brief, we constructed a plasmid in which expression of Gfp was dependent on Cre-mediated recombination, and used this vector to target the ventral telencephalon of E12.5 Nkx2-1-Cre transgenic mouse embryos (Fig. 2 A) . In these experiments, expression of Gfp was always limited to the Nkx2-1-expressing region of the telencephalon (MGE and POA), and occasionally, expression was restricted to the embryonic POA (n ϭ 4) (Fig. 2 B, BЈ) . Analysis of mouse embryos in which the POA was specifically targeted revealed numerous GFPϩ cells in the vicinity of the POA VZ at E15.5 (Fig. 2 B) . In addition, streams of cells emanating from the POA and migrating in dorsal and rostromedial directions were consistently observed at this stage in POA-electroporated embryos (Fig. 2C , CЈ) (data not shown). In most cases (n ϭ 3 of 4), migrating GFPϩ cells were also found in the cortex, suggesting that POA progenitors give rise to a population of cortical cells (Fig. 2 B, D, E) . Immunohistochemical characterization of these cells revealed that they stain for Calbindin, a common marker of immature cortical interneurons at this stage (Liu and Graybiel, 1992; Polleux et al., 2002) , but many lack expression of the LIM-homeobox transcription factor Lhx6 (Fig. 2 D, EЈ) . Because Lhx6 is a reproducible marker of cortical interneurons derived from the MGE (Lavdas et al., 1999; Fogarty et al., 2007) that is likely absent from cells emerging from the POA (Flames et al., 2007) , the expression profile of cortical cells found in these experiments (Calbindin ϩ /Lhx6 Ϫ ) reinforce the notion that interneurons derived from the POA migrate to the cortex during embryonic stages.
Cortical GABAergic interneurons derive from the embryonic POA
The previous in utero tracing experiments suggested that the POA is the origin of a population of cortical interneurons. However, because these experiments were analyzed at E15.5 to confirm that electroporation was restricted to the POA, it remained to be demonstrated that this population of POA-derived cells end up integrating in the adult cortex as GABAergic interneurons. To this aim, we performed genetic lineage experiments using again the Cre/loxP system. As part of a large effort to delineate distinct progenitor domains in the mouse subpallium (Flames et al., 2007) , we have recently found that the region immediately adjacent to the VZ in the most ventral aspect of the POA expresses Nkx5-1 (also known as Hmx3). Nkx5-1 appears to be transiently expressed by a population of early postmitotic POA-derived cells from midgestation to late embryonic stages (Figs. 3, 4A, B) (data not shown) . Remarkably, Nkx5-1 does not seem to be expressed in other regions of the developing telencephalon (Fig. 3) (data not shown), which made this gene ideal for genetic tracing derivatives of the POA. We generated a bacterial artificial chromosome (BAC) transgenic mouse line that expresses Cre recombinase under transcriptional control of the Nkx5-1 gene to lineally label cells that are generated from the POA (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). In Nkx5-1-cre mice, Cre expression in the telencephalon was restricted to the POA at all stages examined (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Moreover, when crossed to the Cre reporter mouse R26R-EYFP (Srinivas et al., 2001) , we found that the pattern of YFP expression-detected with antibodies against GFP, which also recognize this fluorescent protein-at E13.5 is remarkably similar to that of the endogenous Nkx5-1 gene (Fig. 4 B, C) . Unlike the endogenous gene, however, Cremediated recombination led to the permanent expression of YFP in those POA-derived cells that transiently expressed the Nkx5-1 gene, which allowed their tracing. Analysis of the distribution of YFP-expressing cells at different embryonic stages revealed that many of the cells that transiently expressed Nkx5-1 in the embryonic POA remain in the mantle of this region (Fig. 4 D, E) . However, we also found a small population of YFP-expressing cells that migrate tangentially from the POA and progressively colonize the embryonic cortex starting from E13.5 (data not shown). These cells had the typical morphology of tangentially migrating GABAergic interneurons (Fig. 4 F, G) , as described for example for MGE-derived cells (Lavdas et al., 1999; Martini et al., 2009) . Interestingly, although some tangentially migrating YFPexpressing cells invade the cortex following a direct dorsal route (Fig. 4C, arrowheads) , many others seem to migrate first in a rostromedial direction through the septal region to invade the cortex at intermediate and rostral telencephalic levels, both through the lateral pallium or directly through the septal region (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Once in the cortex, YFP-expressing cells migrate primarily through the marginal zone and the subplate (Fig.  4 F, G) , but very rarely via the cortical SVZ, one of the main migratory routes for MGE-and CGE-derived interneurons (Wichterle et al., 2001; Tanaka et al., 2003) .
We next analyzed the distribution of YFP-expressing cells in the telencephalon of adult Nkx5-1-Cre;Rosa26R-YFP mice. We found that many YFP-expressing cells populate medial and lateral aspects of the preoptic area (Fig. 5A) , thereby demonstrating that this region mostly derives from the embryonic POA. In addition, a few YFP-expressing cells were also identified in the olfactory bulb, striatum, septum (medial, lateral, triangular, and septofimbrial nuclei), claustrum and endopiriform nucleus, the medial division of the bed nucleus of the stria terminalis, and several amygdala subdivisions, including the lateral, basolateral, basomedial, and medial nuclei (Fig. 5A ) (data not shown). Most prominently, disperse YFPexpressing cells were found through the cerebral cortex, including the piriform cortex and the hippocampus (Fig. 5A-C) (data not shown). Immunohistochemical analysis revealed that many YFPexpressing cells found in the cortex were neurons (39.4 Ϯ 2.39%; n ϭ 660 cells from two different brains), as identified by staining against the neuronal marker NeuN (Fig. 5D-DЉ) , whereas the remaining ones stained for glial markers, such as S100 and NG2 (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Most YFP-expressing neurons in the neocortex were located in supragranular layers, independently of their birth date (Fig. 5B, D, E) . Of these, a large proportion was found in layer I (Fig.  5B, E) .
We next investigated the molecular properties of POA-derived YFPexpressing cortical neurons. We found that virtually all of them stained with antibodies against GABA (Fig. 6 A, AЈ, Aٞ) , reinforcing the view that the embryonic POA generates a population of cortical GABAergic interneurons. GABAergic interneurons derived from the POA distribute throughout the entire neocortex, and many were also found to populate the hippocampus (Fig. 6C) . Because different classes of cortical GABAergic interneurons typically express one or several calciumbinding proteins and neuropeptides (Markram et al., 2004; Somogyi and Klausberger, 2005; Gonchar et al., 2008) , we analyzed their expression in YFPexpressing neurons in the cortex. Approximately one-third of the YFP-expressing GABAergic interneurons in the cortex were found to exclusively express NPY (33.54 Ϯ 2.52%; n ϭ 817 cells from three different brains) (Fig. 6 A-Aٞ, B) , whereas the remaining GABAergic interneurons did not stain for any of the other typical markers of these cells, including PV, CR, SST, VIP, or the nNOS (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). We also analyzed the expression of the transcription factor Lhx6 in YFP-expressing neurons in the cortex. Lhx6 lies downstream of Nkx2-1 in the subpallium (Du et al., 2008) , and therefore it is frequently assumed that all interneurons derived from Nkx2-1-expressing territories would also express this transcription factor. We found that virtually all YFPexpressing neurons in the cortex do not express Lhx6 at P30 (Fig. 6 B-Bٞ) . To confirm that NPY ϩ /SST Ϫ cortical interneurons do not derive from a Lhx6-expressing lineage, we next examined the expression of NPY and SST in Lhx6-Cre;Rosa26R-YFP mice (Fogarty et al., 2007) . In these mice, very few NPY ϩ / SST Ϫ interneurons were found to derive from the Lhx6 lineage (3.10 Ϯ 1.78%; n ϭ 243 cells from three different animals) (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material), whereas most SST ϩ /NPY Ϫ or SST ϩ /NPY ϩ neurons did (96.85 Ϯ 5.00%; n ϭ 593 cells from three different animals). In sum, YFP-expressing cortical neurons in Nkx5-1-Cre;Rosa26R-YFP mice are GABAergic interneurons, frequently express NPY, and mostly derive from a Nkx2-1 ϩ /Lhx6 Ϫ lineage in the POA.
Nkx5-1-derived cortical interneurons constitute a functionally homogeneous population
Although analyzing molecular properties typically represent a good way to identify distinct groups of GABAergic interneurons in the cerebral cortex (Markram et al., 2004; Gonchar et al., 2008) , our failure to find any marker that labels Nkx5-1-derived cortical interneurons in addition to NPY prevented us from assessing to what extent these neurons belong to two or more distinct subtypes of cortical interneurons. To address this question, we recorded the electrophysiological properties of YFPexpressing cells from the somatosensory cortex of P17-P22 Nkx5-1-Cre;Rosa26R-YFP mice. In brief, YFP-expressing cells were identified under confocal microscopy and characterized in whole-cell configuration with pipettes containing the fluorescent molecule Alexa 555 (Fig. 7A-AЉ) . More than 90% of all recorded YFP-expressing cells were excitable. Glial cells were easily identified because their fluorescence was usually more intense than interneurons and they typically appeared in clusters of two or three cells. When recorded, glial YFP-expressing cells displayed a hyperpolarized resting membrane potential and low membrane resistance (Ϫ79.80 Ϯ 1.43 mV, n ϭ 5; 80.0 Ϯ 10.0 M⍀, n ϭ 3; respectively), and membrane depolarization beyond 0 mV consistently failed to evoke action potentials (supplemental Fig. S7 , available at www.jneurosci.org as supplemental material). Data from these cells were not included in our subsequent analysis.
Consistent with our previous characterization, recorded interneurons (n ϭ 49) were mostly located in superficial layers of the cortex. Recorded neurons had a multipolar shape, with relatively diverse somatic, dendritic, and axonal morphologies (Fig. 7B, D) . Moreover, in agreement with our previous observations, many recorded interneurons stained for NPY, but not all of them did (n ϭ 13 of 16) (Fig.  7C-CЉ) (data not shown) . Nevertheless, all interneurons recorded displayed a rather homogeneous firing pattern, with a temporal structure that was highly dependent on the stimulation level ( Fig. 7E-G ; supplemental Table S1 , available at www. jneurosci.org as supplemental material). Recorded interneurons displayed a nonadapting and low-frequency spike behavior when near-threshold current steps were applied (range, 5-30 Hz; n ϭ 33) ( Fig. 7E; supplemental Fig. S8 , available at www.jneurosci.org as supplemental material). In contrast, a consistent adapting firing pattern was found in all excitable YFPexpressing cells when large depolarizing current steps were applied (adapting percentage, 79.20 Ϯ 1.26%; range, 58 -89%; n ϭ 37) (Fig. 7F, G) . We observed onset frequencies ranging from 99 to 574 Hz and steady-state frequencies from 22 to 98 Hz. During a pulse, frequency adaptation was extremely fast, typically within the first two to five spikes, depending on the stimulus (supplemental Fig. S8 , available at www.jneurosci.org as supplemental material). Moreover, when stimuli were strong enough for spikes to adapt, saturating levels of adaptation were immediately observed (supplemental Fig. S8 , available at www. jneurosci.org as supplemental material). In summary, cortical neurons derived from Nkx5-1 cells in the embryonic POA belong to a rather homogenous class of rapidly adapting interneurons.
Discussion
Our results show that the embryonic POA is the source of a population of cortical GABAergic interneurons in the mouse. In utero labeling and genetic lineage-tracing experiments demonstrate that neurons born in the POA migrate to the neocortex and hippocampus, where they differentiate into a distinct population of GABAergic interneurons with relatively uniform neurochemical, morphological, and electrophysiological properties. Our findings have two major implications. First, they demonstrate that the POA, a progenitor region adjacent to the MGE but with different molecular properties, is a novel source of cortical GABAergic interneurons. Second, our results also suggest that unique, distinct populations of cortical interneurons can be traced to a relatively small population of spatially restricted progenitor cells in the subpallium, reinforcing the view that genetic patterning of this region into distinct populations of progenitor cells is a prominent cause of cortical interneuron diversity.
The embryonic POA is a novel source of cortical interneurons Cortical interneurons constitute one of the most diverse groups of cells in the CNS. In fact, the variability of interneurons is so large, and defining features so diverse, than it has even been suggested that they do not exist as distinct groups, but rather as a collection of cells with a continuous spectrum of characteristics (Parra et al., 1998) . Increasing evidence, however, suggests that cortical interneurons indeed belong to distinct neuronal populations (probably Ͼ20 distinct cell types), which can be defined on the basis of their morphological, electrophysiological, and neurochemical characteristics (Freund and Buzsáki, 1996; Kawaguchi and Kondo, 2002; Markram et al., 2004; Klausberger and Somogyi, 2008) .
A large body of evidence suggests that distinct classes of interneurons originate from different regions of the subpallium (Wonders and Anderson, 2006) . In particular, genetic and fate-mapping studiesprimarily in the mouse-have revealed that most cortical interneurons are born in two relatively large regions of the subpallium, the MGE and the dCGE (Sussel et al., 1999; Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2003; Butt et al., 2005; Fogarty et al., 2007) . Interneurons expressing PV or SST, which together account for ϳ70% of cortical interneurons in rodents, appear to derive primarily from the MGE (Xu et al., 2003; Butt et al., 2005; Flames et al., 2007; Fogarty et al., 2007; Wonders et al., 2008) , whereas bipolar cells expressing CR, which represent ϳ15% of the total population, seem to emerge exclusively from the dCGE (Xu et al., 2003; Ló pezBendito et al., 2004; Butt et al., 2005; Fogarty et al., 2007) . What about the remaining types of interneurons? It has been suggested that cortical GABAergic interneurons may arise from other progenitor regions within the subpallium. For example, it has been proposed that the LGE and the embryonic septal region give rise to GABAergic neurons that migrate to the cortex (Jiménez et al., 2002; Taglialatela et al., 2004) . This idea, however, is mostly based on short-term experiments, and therefore it is unclear whether cells arising from these regions ultimately differentiate into cortical interneurons. In contrast, our experiments unequivocally demonstrate the POA gives rise to a population of GABAergic neurons that migrate to the cortex during embryonic stages and differentiate into a distinct class of cortical interneurons.
POA-derived cortical interneurons characterized in this study belong to a fairly homogenous population. These interneurons are mainly found in superficial layers of the cortex (often at the boundary between layer I and II), have a multipolar morphology, and have the intrinsic electrophysiological profile of adapting interneurons (Petilla Interneuron Nomenclature Group et al., 2008) . In addition, Nkx5-1-derived interneurons frequently express NPY but not SST or any of the other common markers for interneurons. Since NPY levels have been shown to fluctuate in other brain nuclei (Xu et al., 1999) , it is possible that all Nkx5-1-derived interneurons may express NPY, in many cases below our threshold of detectability. Interneurons with similar properties have also been found to derive from the dCGE (Butt et al., 2005) , a finding that is in agreement with our observation that not all 
NPY
ϩ /SST Ϫ interneurons in the cortex derive from Nkx5-1-expressing cells (data not shown). This conclusion is also consistent with the suggestion that NPY ϩ /SST Ϫ cortical interneurons derive from a lineage of subpallial cells that express Dlx but not Lhx6 (Zhao et al., 2008 ; this study), a profile that is found both in the dCGE and in the POA (Flames et al., 2007) . Thus, NPY ϩ / SST Ϫ cortical interneurons appear to originate from distinct progenitor pools in the dCGE and the POA.
Fate-mapping studies have shown that the embryonic POA maps close to the anterior commissure locus of the commissural plate, near the rostromedian end of the neural forebrain area (Rubenstein et al., 1998; Cobos et al., 2001b) . From that perspective, it is likely that POA-derived interneurons populate the cerebral cortex in topologic rostrocaudal direction, a possibility that is consistent with the observation of a higher density of POAderived interneurons in the rostro-intermediate regions of the cortex than in intermediate-caudal areas of the cortex, both during embryonic development and in the adult brain (Fig. 6) . A similar situation-although in reverse orientation-has been described for dCGE-derived interneurons, which invade the cortex through a caudal migration and therefore tend to populate more efficiently caudal cortical regions (Nery et al., 2002; Yozu et al., 2005) . In the case of NPY ϩ /SST Ϫ cortical interneurons, the existence of these two opposing sources (POA and dCGE) may contribute to the relatively homogenous distribution of this interneuron population throughout the entire cortex. This strategy may have been adopted during evolution to cope with the general problem of homogenously distributing a population of tangentially migrating neurons with similar properties, and may apply not only to interneurons but also to other cell types, such as Cajal-Retzius cells (Takiguchi-Hayashi et al., 2004; Bielle et al., 2005) .
Origin of cortical interneuron diversity
Recent studies suggest that the generation of interneuronal diversity is linked to regional differences in the specification of progenitor cells in the subpallium (Wonders and Anderson, 2006) . In the MGE, for example, progenitor cells appear to give rise to at least 10 distinct classes of cortical interneurons (Butt et al., 2005; Miyoshi et al., 2007) , which can be distinguished on the basis of their morphology, neurochemical content, and electrophysiological profile. Several hypotheses have been put forward to explain, from a developmental perspective, the origin of cortical interneuron diversity. One possibility is that, as in the spinal cord (Jessell, 2000) , different types of interneurons derive from discrete, spatially segregated progenitor domains, each defined by the expression of a particular combination of transcription factors (Flames et al., 2007) . Consistent with this idea, it has been recently found that SST ϩ /CR ϩ Martinotti cells appear to derive primarily from the dorsal aspect of the MGE (a progenitor domain now designated as pMGE1) (Flames et al., 2007; Fogarty et al., 2007; Wonders et al., 2008) , whereas fast-spiking PV ϩ interneurons mostly originate from ventral domains of the MGE (Flames et al., 2007; Wonders et al., 2008) . The current findings reinforce this idea, as we found that a relatively small progenitor domain within the subpallium generates a distinct population of cortical interneurons.
In addition, it is possible that a single progenitor domain generates more than one class of interneuron over the same developmental period. In the spinal cord, for example, motor neurons derive from a single progenitor domain, but they acquire many distinct subtype identities (i.e., columns, divisions, and pools of motor neurons) through the acquisition of different transcriptional programs (Jessell, 2000) . Thus, the expression of different combinations of transcription factors in neurons derived from the same progenitor pool may contribute to increase the diversity of interneuronal subtypes (Cobos et al., 2006; Wonders and Anderson, 2006) . Our present results are also consistent with this second possibility: Expression of Nkx5-1 in early postmitotic neurons derived from the POA identifies a rather homogenous population of cortical interneurons, which suggest that expression of Nkx5-1 might be somehow linked to the fate of this neuronal population. Although additional experiments would be required to test this idea, it is possible that the embryonic POA gives rise to other classes of cortical interneurons in addition to the population of NPY ϩ /SST Ϫ interneurons identified in this study and that expression of Nkx5-1 only identifies one of the possible lineages originated in this region. In this context, it is worth mentioning that two distinct progenitor domains have been described within the embryonic POA (Flames et al., 2007) . Thus, Nkx5-1-derived may only identify derivatives from one of these regions.
Finally, it has been suggested that interneuron diversity may also arise as a consequence of the temporal change in fate of progenitor cells (Miyoshi et al., 2007) . An important implication of this idea is that environmental cues could differentially influence the maturation of different classes of interneurons, adding to their diversity. Considering the current evidence, it seem obvious that high-resolution fate-mapping studies-allowing the analysis of a very restricted number of identified progenitors or even single progenitor cells-are needed to directly determine the relative contribution of all these factors to the origin of interneuron diversity in the cerebral cortex.
